ABSTRACT: Intrauterine growth restricted (IUGR) infants have increased susceptibility to infection associated with higher risk of illness and death. Dual specificity phosphatase 1 (DUSP1), which is transcribed in the thymus, increases in quantity as T cells mature and differentiate into CD4ϩ cells. Little is known about how IUGR affects DUSP1 levels and T-cell subpopulations over time. We hypothesized that IUGR would decrease cell count, CD4ϩ and CD8ϩ subpopulations of T lymphocytes, and DUSP1 levels in IUGR rat thymus and spleen. Bilateral uterine artery ligation produced IUGR rats. Thymus and spleen were harvested at P0 and P21. Flow cytometry was used to compare CD4ϩ and CD8ϩ lymphocyte populations. Real-time RT-PCR and Western blotting were used to determine DUSP1 quantity. IUGR significantly decreased total cell count in P0 and P21 IUGR male and female thymus. IUGR significantly increased CD4ϩ cells in IUGR P0 males and females, significantly decreased CD4ϩ cells in P21 female thymus, and significantly altered DUSP1 levels in the IUGR female thymus at P0 and P21, although it is not yet known whether the change in DUSP1 levels is due to a change in the level per cell or to a change in cellular composition of the thymus. (Pediatr Res 70: 123-129, 2011) 
I
ntrauterine growth restriction (IUGR) refers to the failure of a fetus to reach its genetic growth potential. In humans and rats, IUGR leads to multiple postnatal morbidities, including defects in immune function. The leading cause of IUGR in developed countries is uteroplacental insufficiency (UPI) (1) . The association between IUGR and defective immune function is an important public health issue because UPI affects 5-9% of all pregnancies (2, 3) .
Humans studies examining IUGR and/or LBW infants at term demonstrate persistent immunological impairment throughout childhood. This is associated with higher risk of illness and death due to increased susceptibility to infections (4 -6) . Full-term IUGR infants have a 7-fold higher mortality rate and a 4-fold higher hospitalization rate than their appropriate for GA counterparts (7) . This increased mortality and morbidity is primarily because of diarrheal illness and respiratory tract infections occurring from the neonatal period through adulthood (8) . In addition, there is evidence of longterm deficiencies in adaptive immune competence in IUGR infants from developing countries (9, 10) .
The thymus plays a crucial role in adaptive immunity and the development, proliferation, and differentiation of mature T cells, with thymic size being a predictor of immune function (11, 12) . CD4ϩ cells are cytokine-producing helper cells that function in host defense against extracellular microbes. CD8ϩ cells are cytotoxic cells whose major function is to recognize and kill host cells infected with intracellular microbes (13) . Human studies examining cellular immunity in IUGR infants have shown a decrease in peripheral T lymphocytes (14) and decreases in CD4ϩ and CD8ϩ T-lymphocyte subpopulations (15) .
One regulator of CD4ϩ and CD8ϩ differentiation, and of the proinflammatory response, is dual specificity phosphatase 1 (DUSP1). DUSPs can regulate mitogen-activated protein kinases (MAPKs) by dephosphorylation of tyrosine and threonine residues (16) . DUSP1, which is expressed in most tissues, is expressed at significantly higher levels in the murine thymus than the other members of the DUSP family. The transcription of DUSP1 increases thymocyte transition from an immature CD4ϩCD8ϩ double-positive stage to the mature CD4ϩ single positive stage (17) . In addition to its role in thymocyte differentiation, DUSP1 serves as a feedback control regulator of proinflammatory cytokine production including TNF␣, IL-1␤, and the anti-inflammatory cytokine IL-10 (18). DUSP1 is expressed in the spleen, and mRNA levels are increased after lipopolysaccharide (LPS) challenge in splenocytes. Furthermore, a knockout of DUSP1 (MkpϪ/Ϫ) sensitizes mice to endotoxic shock induced by LPS (19) . This dual role of DUSP1 in both thymocyte differentiation and control of the inflammatory response makes it a likely player in the immune dysfunction seen in IUGR. Despite the widespread nature of this problem, little is known about how IUGR affects DUSP1 levels and the CD4ϩ and CD8ϩ subpopulations over time.
In light of the connection between IUGR and immune dysfunction, in these preliminary experiments, we hypothesized that UPI-induced IUGR would 1) decrease thymus and spleen organ weight and cell count, 2) decrease the CD4ϩ and CD8ϩ T-lymphocyte subpopulations in the thymus and subsequently the spleen (used as a proxy for peripheral CD4ϩ and CD8ϩ population), 3) decrease whole thymic levels of DUSP1, and 4) decrease in levels of whole spleen DUSP1 leading to an increase in the cytokines TNF␣, IL-1␤, and IL-10 after LPS challenge. We used a well-characterized rat model of IUGR to test this hypothesis (20, 21) . We examined the effect of IUGR on the rat at birth (P0) and at a prepubescent age (P21). We measured thymus weight and nucleated cell count at P0 and P21 and spleen weight and nucleated cell count at P21. We also measured proportional changes in the T-lymphocyte subpopulations of CD4ϩ and CD8ϩ cells. We examined DUSP1 mRNA and protein levels in P0 and P21 thymus and P21 spleen. Finally, we examined change in mRNA levels of TNF␣, IL-1␤, and IL-10 in isolated splenocytes after LPS stimulation at P21.
METHODS

Animals.
IUGR was induced by bilateral uterine artery ligation of pregnant Sprague-Dawley rats as previously described (20, 21) . All procedures were approved by the University of Utah Animal Care Committee and are in accordance with the American Physiological Society's Guiding Principles (22) . In brief, on d 19.5 of gestation, pregnant dams were anesthetized and both inferior uterine arteries ligated. Control dams underwent identical anesthetic procedures.
At term gestation (21.5 d), P0 pups were delivered by cesarean section, weighed, and decapitated. To generate juvenile pups, dams were allowed to deliver spontaneously, litters were randomly culled to six pups, and the dams raised the pups. At P21, pups were anesthetized and killed. For both time points, tissue was harvested and frozen or used immediately for flow cytometry or cytokine stimulation studies. For each experiment, each group (control and IUGR) had six male pups and six female pups, unless otherwise noted. Pups within each group were derived from different litters.
Real-time RT-PCR. Thymus and spleen mRNA levels of DUSP1 were measured on P0 and P21 as previously described (21) . P0 samples were pooled to provide sufficient RNA for analysis. The following Assay-onDemand primer/probes assays were used: DUSP1, Rn00678341_g1; TNF␣, Rn99999017_m1; IL-1␤, Rn00580432_m1; and IL-10, Rn99999012_m1 (Applied Biosystems). The sequences for GAPDH were forward: 5-CAA-GATGGTGAAG-GTCGGTGT-3; reverse: 5-CAAGAGAAGGCAGC-CCTGGT-3; and probe: 5-GCGTCCGATACGGCCAAATCCG-3.
Immunoblotting. Immunoblotting was performed as previously described (21) using the following antibodies: anti-DUSP1 (Abcam, Cambridge, MA) and anti-GAPDH (Abcam).
Total cell count. Single-cell suspensions from a whole spleen (P21 only) and thymus (P0 and P21) were obtained by teasing the organ into RPMI 1640 medium and filtered using a 100-m sterile nylon mesh (BD Biosciences, San Jose, CA). Lymphocyte-rich cells were further washed with medium to remove the traces of ammonium chloride, and the viability was assessed by trypan blue dye exclusion (data not shown). Cells were counted using a hemocytometer and then multiplied by volume of cell suspension. P0 spleen was not reliably harvested because of its small size. Cell numbers were divided by organ weight.
Immunostaining. Two million cells per sample (both IUGR and control groups) were counted and characterized by flow cytometry (BD Biosciences) after staining with FITC-conjugated, phycoerythrin (PE), or peridinin chlorophyll protein complex (PerCP)-conjugated antibodies to cell surface markers CD4 and CD8 (PharMingen, San Diego, CA). The results were analyzed with Cell Quest software (BD Biosciences).
Splenocyte activation and cytokine production. A single cell suspension of P21 spleen was obtained as described above and standardized to 5 ϫ 10 6 cells/mL per well in RPMI media. Nucleated cells were then incubated with 100 ng/mL of LPS (Sigma Chemical Co.-Aldrich, St. Louis, MO). Cell pellets were collected at 0, 1, 3, and 6 h for both LPS and controls. mRNA quantification was performed as described above.
Statistics. All data presented are expressed as mean Ϯ SEM. ANOVA (Fisher's protected least significant difference) and the Student's unpaired t test determined statistical significance. We accepted p Ͻ 0.05 for statistical significance.
RESULTS
P0
and P21 pup weight and organ weight. All data are presented as mean Ϯ SEM. At P0, IUGR significantly decreased thymus weight in both females (0.006 Ϯ 0.002 g versus 0.011 Ϯ 0.002 g, p ϭ 0.03) and males (0.007 Ϯ 0.001 g versus 0.013 Ϯ 0.002 g, p ϭ 0.03). The P0 female and male IUGR thymuses were 46% smaller than the control thymuses. Thymus weight returned to control weight in both genders by P21 (Fig. 1a) . The P21 IUGR spleen was significantly smaller than control in both females (0.27 Ϯ 0.02 g versus 0.36 Ϯ 0.02 g, p ϭ 0.02) and males (0.28 Ϯ 0.02 g versus 0.36 Ϯ 0.02 g, p ϭ 0.02). At P0, the IUGR females and males weighed significantly less than controls (2.81 Ϯ 0.9 g versus 3.36 Ϯ 0.22 g, p ϭ 0.002; 3.1 Ϯ 0.9 g versus 3.6 Ϯ 0.54 g, p ϭ 0.002). The P0 IUGR female and male pups were 19% and 14% smaller than control pups. At P21, the IUGR males continued to weigh significantly less than the male controls (57.5 Ϯ 3.3 g versus 63.3 Ϯ 1.0 g, p ϭ 0.01; Fig. 1B cells, p ϭ 0.004; Fig. 2 ). P0 thymus CD4؉ and CD8؉ cell populations. IUGR significantly increased the percentage of CD4ϩ lymphocytes in the thymus, with females (3.1 Ϯ 0.5% versus 1.2 Ϯ 0.2%, p ϭ 0.0003) more affected than males (2.6 Ϯ 0.3% versus 1.5 Ϯ 0.2%, p ϭ 0.02). The resulting CD4ϩ to CD8ϩ ratio was similarly increased. There was a significant decrease in the immature CD4ϩCD8ϩ cells in IUGR females compared with gender-matched controls (80.6 Ϯ 1.1% versus 84.8 Ϯ 0.6% p ϭ 0.004). There was no significant change in the immature CD4-CD8 double-negative cells when compared with controls (Fig. 3a) . The total CD4ϩ cell count was similar to controls in IUGR males and females, with the total CD8ϩ cell count decreased when compared with controls. The total CD4ϩ to CD8ϩ ratio is increased in IUGR female and males when compared with controls (Table 1) .
P21 thymus CD4؉ and CD8؉ cell populations. IUGR significantly decreased the percentage of CD4ϩ cells in the female thymus (4.5 Ϯ 0.1% versus 6.3 Ϯ 0.4%, p ϭ 0.02) with no significant difference in males. There was also a significant increase in the female CD4ϩCD8ϩ cell population (91.7 Ϯ 0.3% versus 88.4 Ϯ 0.4%, p ϭ 0.016) with no significant difference in the male. There was no significant change in the CD4-CD8-or the CD4ϩ:CD8ϩ ratio in males or females (Fig. 3B) . The total CD8ϩ cell count was similar to controls in IUGR males, with all other cell populations decreased when compared with controls in IUGR males and females (Table 1) .
P0 spleen CD4؉ and CD8؉ cell populations. IUGR did not significantly change the CD4ϩ or CD8ϩ cell populations. However, in the rodent, as opposed to the human, the thymus has not yet populated the spleen at P0, and Ͻ6% of all splenocytes were CD4ϩ or CD8ϩ (Fig. 4A) .
P21 spleen CD4؉ and CD8؉ cell populations. IUGR significantly increased P21 CD4ϩ cell percentage in the spleen of both females (14.61 Ϯ 0.9% versus 12.3 Ϯ 0.3%, p ϭ 0.03) and males (15.7 Ϯ 0.6% versus 12.9 Ϯ 0.6%, p ϭ 0.01). IUGR did not affect the CD8ϩ cell subpopulation percentage in the spleen at this time point (Fig. 4B) . The total CD4ϩ cell count was similar to controls in IUGR males and females, with the CD8ϩ populations decreased when compared with controls in both IUGR males and females (Table 1) .
P0 and P21 thymus DUSP1 mRNA and protein levels. IUGR significantly increased DUSP1 mRNA levels (0.006 Ϯ 0.0004 versus 0.004 Ϯ 0.0002, p ϭ 0.0008) in the P0 female thymus. However, IUGR did not affect mRNA levels of DUSP1 in P21 male or female thymus (Fig. 5A) . At P0, IUGR significantly increased DUSP1 protein levels in the female thymus (1.2 Ϯ 0.05 versus 0.24 Ϯ 0.04, p ϭ 0.045) and decreased DUSP1 protein levels in the P21 female thymus (2.1 Ϯ 0.2 versus 3.1 Ϯ 0.6, p ϭ 0.0375) with no significant difference in the P21 male (Fig. 5B) . P21 spleen DUSP1 mRNA and protein levels. IUGR did not significantly affect mRNA of DUSP1 in male or female spleen (Fig. 6A) . However, IUGR significantly decreased DUSP1 protein levels in the female (1.7 Ϯ 0.2 versus 2.5 Ϯ 0.1, p ϭ 0.0093; Fig. 6B ).
P21 spleen cytokine analysis. After 100 ng/mL LPS stimulation, there was a significant increase in stimulation curve of IL-1␤ mRNA at 1 and 3 h poststimulation in the IUGR female. In the IUGR male, there were significant changes in mRNA levels at 1 and 6 h, but not at the peak time point of 3 h (Fig. 7A and B ). There were no significant differences in peak mRNA levels of TNF␣ or IL-10 (data not shown).
DISCUSSION
We demonstrated four novel and significant findings in our rat model of IUGR. First, IUGR decreased thymus cell count both at birth and in the juvenile period. This change in thymic cell populations was further demonstrated by the decreased nucleated cell population of the spleen, which also persisted into the juvenile period. Second, IUGR altered the population percentage of CD4ϩ in the female thymus at birth and in the juvenile, again leading to changes in the splenic population in the juvenile period. Third, IUGR altered levels of DUSP1 in females at P0 and P21 thymus and in the female P21 spleen were consistent with the changes seen in the CD4ϩ populations. Finally, IUGR increased the IL-1␤ mRNA stimulation curve in LPS challenged juvenile spleen in both male and females, with a significant difference in peak levels in the IUGR female. To our knowledge, this is the first time persistent changes in the immune system have been demonstrated in an animal model of UPI-induced IUGR. These findings may explain some of the immune dysregulation seen in IUGR.
Our finding of decreased cell count and organ weight in our IUGR model is consistent with studies in IUGR humans at birth of decreased thymus size (11, 12) and decreased total white blood cell count (14) . The thymus size in the P0 IUGR pups was decreased to a greater extent than the decrease in IUGR pup weight, demonstrating that the thymus was prefer- entially affected by UPI. The potential impact of UPI on thymus weight and cell count makes sense based on both human and rodent embryology, because many of the principal components of the immune system develop early in fetal life. In humans, by 15-16 wk the architecture of the fetal thymus resembles that of the neonate (23). In the rodent thymus, the first T-cell precursors colonize the thymus by d 13-14 of a 21.5-d gestation (24) . Therefore, T-cell precursors in the thymus are present and susceptible to a late gestational insult, making it a potential target for prenatal stress-induced changes.
The persistent decrease in organ size and cell count we observed through d 21 may partially explain the increased susceptibility to infections seen in previous studies. The decreased overall cell count, and therefore decreased population of CD4ϩ and CD8ϩ cells, leaves the rat pup in a relatively immunocompromised state when compared with controls. Given that the cell populations return to control percentages at P21, the decrease in cell count is likely a result of increased apoptosis or cell death across all cell populations. However, the decreased percentage of CD4ϩ lymphocytes in P21 female thymus may be compensated by an increase in CD4ϩ lymphocytes in P21 spleen, therefore preserving immune function. This overall decrease in lymphocytes lasts from birth to the juvenile age in our model.
Although several rodent models have recently looked at the effects of maternal psychosocial stress on the immune system of the offspring, none of these models looked at the effect of UPI-induced IUGR. These models include repeated stimulation of maternal rats to confrontation (25) , acute immobilization (26) , bright light (27, 28) , and loud noise (29, 30) . These studies have shown a decrease in total peripheral leukocyte count (26, 31) and decreases in the peripheral CD4ϩ and CD8ϩ T-cell subsets in older rats (31) . Other studies showed only a decrease in the CD8ϩ subsets (26) or a gender difference in splenocyte response to mitogens, but no difference in the T-lymphocyte subsets (30) . Prenatal stress is also associated with an altered response to stimulation with LPS (28) or the potent mitogen concanavalin A (27, 29) . The wide spectrum of results seen in these studies is likely a function of the model variance in type, onset, and duration of stress. However, it also demonstrates the susceptibility of the immune system to in utero stressors.
We chose to examine a model of IUGR produced by surgical UPI and prenatal stress for a number of reasons. First, UPI is the most prevalent cause of IUGR in western society. Second, surgical UPI exposes the rat fetus to a late gestation, in utero hypoxic, hypoglycemic, and acidotic environment (20, 32) similar to that experienced by the human infant exposed to placental dysfuntion (33, 34) . In this study, we demonstrated that changes in the immune system of IUGR rat pups are present at birth, after the stress of UPI. Importantly, we have also demonstrated that IUGR pups continue to have immune system alterations that persist at the prepubescent age.
We have shown that levels of DUSP1, a key regulator of several aspects of the immune system, are altered in IUGR thymus and spleen. An important consideration, however, is that alterations in whole organ DUSP1 levels could reflect only the altered cellular makeup of the thymus and spleen and not be a function of changes in DUSP1 expression in any one cell type. It will be important to determine DUSP1 expression in individual cell types in future studies. Similarly, examination of downstream targets, such as extracellular signalregulated kinases (ERKs), in isolated cells will also be important to establish the functional consequences of IUGR on the immune system. Some limitations of our study are important to consider. First, in this preliminary study, we have focused on T cells only. Numbers and proportions of the other splenocyte populations may also be altered by IUGR and warrant further investigation. Moreover, as mentioned above, we looked at whole organ extracts with differing cell populations, which may confound the differences we see in DUSP1 and IL-1␤ levels. In addition, caution is always necessary when attempting to apply data from a rat model to human pathophysiology. Of note, however, in this model of UPI where the fetal rat is exposed to a severe insult relatively late in gestation, the effects on the immune system are similar to those seen in human studies. The rat UPI-induced IUGR model will be an invaluable tool in future studies elucidating mechanisms involved in IUGR and immune dysfunction.
In summary, UPI and subsequent IUGR lead to decreased thymus and spleen size and lymphocyte counts, as well as alterations in CD4ϩ and CD8ϩ populations. We saw alterations in the CD4ϩ subpopulation of cells in our IUGR model. It is feasible that increased CD4ϩ percentages in P0 thymus and P21 spleen reflect an attempt in the IUGR rat to compensate for the decreased total lymphocyte counts to maintain a stable CD4ϩ count. Further studies will be needed to determine whether the changes seen in DUSP1 and IL-1␤ are a result of the heterogenous cell populations or occur as a result of IUGR stress. Ϫ⌬CT Ϯ SEM (* indicates a p Ͻ 0.05). f, control female; ࡗ, IUGR female; OE, control male; F, IUGR male.
